A study was carried out to determine the effects of two cooling systems and the application of 1-methylcyclopropene (1-MCP, SmartFresh TM ) on the incidence of superficial scald in apples (Malus domestica Borkh.) cv. Granny Smith. Fruit were collected from a commercial orchard (Colbún, Maule Region, Chile) during 2004-2005 season. A completely randomized design was used in a 2 x 2 factorial arrangement, using cooling systems (normal and step-wise cooling) and application of 1-MCP (0 and 625 nL L -1 i.a.) as the main factors. Fruit from normal cooling were kept at 0 °C throughout the storage period (180 days).
INTRODUCTION
The apple represents the second most important fruit in Chile, with 37 000 ha under cultivation, of which 9 000 ha are dedicated to the cultivation of cv. Granny Smith (VII Censo Nacional Agropecuario y Forestal, 2007); with 7.3 million boxes exported during the 2004 season (Alcaíno et al., 2007 .
A series of physiological disorders can develop or are expressed during apple storage, superficial scald being one of the main disorders in cv. Granny Smith. This is a form of epidermal damage that does not compromise the flesh and is recognized by the presence of irregularly sized brown spots. Given that this alteration is induced by the low-temperature storage, it is accepted as a manifestation of chilling injury (Watkins et al., 1995) . It has been demonstrated that superficial scald is associated with oxidation of α-farnesene to conjugated trienes (Anet, 1972; Rowan et al., 2001; Arquiza et al., 2005; Isidoro and Almeida, 2006) , which appear in greater concentrations, than just the accumulation of α-farnesene at the end of the storage period (Huelin and Coggiola, 1968; Meir and Bramlage, 1988; Whitaker et al., 2000) .
Granny Smith apples have a high susceptibility to disorders, especially when they are harvested in an immature state (Ingle, 2001) , given that the fruit will have lower antioxidant activity (Anet, 1974) . Currently, scald is controlled effectively at the commercial level through the use of the synthetic antioxidant diphenylamine (DPA) (Golding et al., 2001; Watkins, 2003) . However, this compound is considered an environmental contaminant and potentially harmful to health (Drzyzga, 2003) . Because of probable restrictions on such products and the current tendency to employ alternatives that do not leave residuals that are dangerous to humans and to the environment, there is interest in studying new control methods. Chapon (1981) suggested that progressive cooling of fruit during storage reduces the incidence of scald and proposed the use of 5 °C during the first month of storage, 2.5 ºC in the second month, and 0 ºC in the following months of storage. Nevertheless, it is important to determine the effect that an increase in temperature could have on the maturation of the fruit; in particular when extended storage is planned. At the same time, the compound 1-methylcyclopropene (1-MCP) is known to be a powerful inhibitor of ethylene action in the preclimateric phase. It delays the increased autocatalytic production of ethylene and consequently also delays fruit maturation. 1-MCP has proven to be an effective controller of scald Rupashinge et al., 2000; Shaham et al., 2003; Zanella, 2003; Lurie et al., 2005) . 1-MCP is sold commercially under the name of SmartFresh SM (AgroFresh, Rohm and Haas, Philadelphia, Pennsylvania, USA). The dosage used in apples is 625 nL L -1 (Blankenship and Dole, 2003; Watkins, 2006) .
Considering the above, the following research was proposed with the objective of evaluating two systems of cooling (normal and step-wise) and the application of SmartFresh TM (0 and 625 nL L -1 i.a.), on the evolution of maturity and the development of superficial scald during the storage of cv. Granny Smith apples.
MATERIALS AND METHODS

Vegetal material
The study used 'Granny Smith' apples from an 8-yearold commercial orchard, on a self-dwarfing rootstock (MM106) pattern, located in Colbún (35°42´ S; 71°24´ W), Maule Region, Chile.
Treatment and storage of the fruit
The fruit was collected on 8 April 2005 (201 days after full flowering) and were taken to the Post-Harvest Laboratory of the Pome Fruit Center of the Universidad de Talca, where the 1-MCP treatments (0 and 625 nL L -1 i.a.) were applied and the cooling conditions (normal and step-wise) were established (Table 1) . For the application of 1-MCP (0.14%, SmartFresh™, AgroFresh, Rohm and Haas, Philadelphia, Pennsylvania, USA) the fruit was cooled to 0 and 10 °C, according to whichever corresponded, and placed in sealed acrylic chambers of 0.3 m 3 , in order to be treated with a dose of 625 nL L -1 i.a., for 24 h. The compound was applied in gaseous form by dissolving SmartFresh TM (0.14% 1-MCP) in warm water (30-40 °C). Immediately after the treatments the fruit was returned to cooling conditions, together with fruit without treatment.
Evaluations
The following variables were evaluated at harvest, and at monthly removals from storage, using four replications with five apples each.
Firmness (kg) was measured with a penetrometer mounted in a drill press (Effegi FT 327, McCormick Fruit Tech, Yakima, USA), an provided with an 11 mm diameter plunger tip. Two measurements were taken for each fruit in opposing sides of the equatorial region, after removing the peel.
Soluble solids (ºBrix) were evaluated with a thermocompensated refractometer (Atago ATC 1, Tokyo, Japan) from an extract of juice from each fruit.
Starch index was determined by applying an iodine solution (iodine at 0.1% dissolved in potassium iodine at 30%) to transversal cuts of fruit, and then comparing the intensity and pattern of black-blue coloration, using a scale of 1 (zero starch degradation) to 6 (maximum starch degradation), specific for cv. Granny Smith apples (Asociación de Exportadores de Chile, 1997).
Extraction of epidermal compounds
The same fruit were used for determining epidermal compounds and maturity indexes. The epidermal compounds that were determined were: global antioxidant content (AO), α-farnesene concentration (AF) and concentration of conjugated trienes (TC). Tissue extraction and AF and TC analyses were carried out according to Anet (1972) , with modifications similar to those used by Isidoro and Almeida (2006) . Using a punch tool, of 0.8 cm 2 disks of peel were removed from the equatorial region of the each fruit. The disks were submerged in 25 mL of n-hexane (Merck, Darmstadt, Germany), for 3 min. Aliquots of this solution were analyzed in a spectrophotometer (Milton Roy 1201, Milton Roy, New York, USA), registering absorbancy at 232 nm (AF) and 258, 269, 281 and 290 nm (TC). For AF, a molar extinction coefficient of 29 000 was used, according to the methodology proposed by Anet (1972) . For the TC, the absorption peaks OD281-290, OD258-290 and OD269-290 were calculated, expressed as TC281, TC258 and TC269, respectively; the extinction coefficient used was 25 000 (Anet, 1972; Du and Bramlage, 1993) . These compounds were expressed in nmol cm -2 based on fresh weight. The antioxidant content was estimated globally through readings at 200 nm of the same solution of n-hexane, and was expressed as OD 1000 cm -2 of peel, according to the methodology proposed by Meir and Bramlage (1988) and used by Thomai et al. (1998) and Diamantidis et al. (2002) .
Evaluation of superficial scald
The incidence (%) of superficial scald was determined visually, using 200 apples, distributed in four replications of 50 fruit each one. The number of fruit affected after 6 months of storage plus 10 days at room temperature (20 °C) was determined. The period for scalding evaluation was defined according to previous experience that demonstrated a maximum expression of disorder in this period (Moggia et al., 2003) 
Design and statistical analysis
The experiment was conducted with a completely randomized design in a factorial arrangement of 2 x 2, given by two types of cooling and two doses of 1-MCP, generating a total of four treatments. The results were submitted to analysis of variance (ANOVA) to establish possible differences among treatments. Prior to the ANOVA, the data in percentages were transformed into the arcsin (% 1/2 ) function. When there were differences among treatments, mean separation was conducted using the least significant difference test (LSD, p ≤ 0.05). Given that practically all the variables analyzed presented significance in the interaction of both factors, the four treatments were analyzed separately. The computer software Statgraphics Plus V 4.0 professional (Manugistics, Maryland, USA) was used for all the analysis.
RESULTS AND DISCUSSION
The initial condition of the fruit at harvest (Table 2) met with the requirements for the application of 1-MCP in 'Granny Smith' apples, according to the technical requirements of AgroFresh, Chile; namely, starch 1.8 to 3.5, on a scale of 1 to 6; and a minimal firmness of 7.3 kg (SmartFresh, 2006) .
Evolution of maturity index
Until 90 days of storage the decrease in firmness of the fruit was minimal in all of the treatments, except in those with step-wise cooling and without 1-MCP ( Figure  1 ). At 30 days the latter began exhibiting lower values of the index, a tendency that continued until the end of the storage. The application of 1-MCP, independent of the type of cooling, significantly inhibited the softening of the fruit, resulting in firmness close to 8.2 kg, up to 6 months of storage. In the same period, the firmness of treatments without 1-MCP reached 6.5 kg (normal cooling) and 5.7 kg (step-wise cooling). According to these results, fruit with step-wise cooling and without 1-MCP would be below the minimal firmness requirement for export, from the fourth month of storage, given that the limit established by the Exporters Association of Chile is 5.9 kg. Numerous investigations support the view that 1-MCP, as an inhibitor of ethylene action, acts on those dependent indices of this hormone, such as firmness, with the result of less softening of the fruit. This effect also extends subsequent shelf-life Watkins et al., 2000; Mir et al., 2001; DeEll et al., 2002; Zanella, 2003; DeLong et al., 2004; Bai et al., 2005) . The greater slope in the decrease in firmness in the treatment with step-wise cooling and without 1-MCP is explained by the higher initial temperature to which the fruit was exposed, given that there is a direct relationship between this factor and softening (Mir et al., 2001) . Normal cooling without 1-MCP also showed a decrease in firmness. However, the major decrease was produced after month 3; which indicates that low temperature delays the maturation process but does not completely inhibit it.
The concentration of soluble solids remained relatively stable during storage and without major variations in function of the treatments applied; the values fluctuated between 11.7 and 13.0 °Brix (data not shown). Starch degradation increased continuously until reaching a maximum level (6) at month 3 for fruit with all treatments (data not shown). In this respect, numerous studies on apples indicate that soluble solids and starch degradation are not affected by the application of 1-MCP Rupashinge et al., 2000; Zanella, 2003; DeLong et al., 2004; DeEll et al., 2005) .
Chemical compounds and the incidence of superficial scald
The higher AO values were observed in fruit of both types of cooling without 1-MCP application (Figure 2A) , reaching its maximum level in month 5. As well, between these two treatments, more AO content was found in fruit with step-wise cooling. According to , the increase in antioxidants is related to the advance in the maturity of the fruit and not to the levels of liposoluble antioxidants able to counteract the effects of conjugated trienes. In this way, the delay in maturity provoked by the application of 1-MCP is reflected in the lower AO content obtained in these treatments.
The greatest synthesis of AF occurred in fruit with normal cooling without 1-MCP ( Figure 2B ), reaching the maximum concentration at 60 days of storage, product of its oxidation into TC (Huelin and Coggiola, 1968; Meir and Bramlage, 1988; Whitaker et al., 1997; Pechous et al., 2005) . Effectively, the increase of TC in this treatment began in month 2 and was distinct from the other treatments until the end of the storage period. This affirms the theory that identifies AF as the indirect precursor of superficial scald and the results are in agreement with those described by several authors (Huelin and Coggiola, 1968; Barden and Bramlage, 1994; Whitaker et al., 1997; Shaham et al., 2003) . Gradual cooling of the fruit by itself resulted in reducing AF accumulation beginning at 30 days of storage; this lower availability of AF could be responsible for the drastic reduction in scald that was observed in this treatment (1.3%). The application of 1-MCP was very effective in reducing AF levels with no differences between the two types of cooling. Golding et al. (2001) and Lurie et al. (2005) demonstrated that ethylene is necessary for the synthesis of α-farnesene; from which it is understood that the application of 1-MCP is capable of inhibiting α-farnesene formation. The lower concentration of AF in the treatments with 1-MCP agrees with lower TC accumulation and zero incidence of scald (Table 3) .
TC are generated as a product of the oxidation of AF during the storage of apples and have been identified as the direct cause of cellular damage that leads to the expression of scalding symptoms (Whitaker et al., 1997; Rowan et al., 2001) . The application of 1-MCP to fruit with normal and step-wise cooling resulted in significantly lower levels of TC 258; 269 and 281 in comparison to fruit without treatment, throughout all the evaluations ( Figure 3A , 3B and 3C). This was expected, given the reduction in AF provoked by the application of 1-MCP. For fruit without 1-MCP, step-wise cooling resulted in higher values of TC 258 and TC 269 in the first months in comparison to normal cooling. This behavior supports what was proposed by Du and Bramlage (1993) and Whitaker (1998) , in the sense that these trienes play a protective rather than conductive role in the development of scald. According to Anet and Coggiola (1974) the evolution of TC 281 is the most associated with scald. In this research there was a clear differentiation in TC 281 levels according to the treatments: the lower concentrations were registered in fruit with 1-MCP (normal and stepwise cooling), while the highest concentrations were in fruit with normal cooling without 1-MCP; an intermediate situation occurred in fruit with step-wise cooling without 1-MCP. Thus, high levels of TC 281 are related to the development of superficial scald, given that they evolve in a similar manner to AF. In accordance with these results, the incidence of superficial scald was minimal for the treatment with 1-MCP and step-wise cooling (0 and 1.3%, respectively) and close to 80% for fruit with normal cooling (Table 3) .
In a complementary manner, the levels of AF, TC and AO at removal from 1, 2 and 3 months of storage, were correlated with the final incidence of scald (6 months plus 10 days at 20 °C). The highest levels of association were given for TC 281, showing as well, that the only significant association occurred in month 3 (r = 0.95, Table 4 ). Measurement of this compound can represent a predictive element for the final incidence of the disorder and a tool for decision-making about the re-application of antioxidant. This practice is currently used commercially and has shown its highest efficiency between the second and third month of storage (Moggia et al., 2003) . Given the results of this research, levels of TC281 below 4 nmol cm -2 , after 3 months of storage, would considerably reduce the risk of developing scalding in the fruit. In contrast, with higher levels it would be recommendable to make another application. The associations for AF and AO resulted in low and not significant values, which suggests that more specific measurement techniques are needed, in particular in the case of AO.
If we accept that superficial scald in cv. Granny Smith apples is caused by low temperature (Watkins et al., 1995) , an increase in the storage temperature would reduce its incidence. This coincides with the results obtained in this research, given that independent of 1-MCP application, there was a low incidence of scald in step-wise cooling (1.3%). On the contrary, normal cooling resulted in a higher incidence of the disorder when not applying 1-MCP.
1-MCP was an efficient controller of superficial scald throughout the storage period. This agrees with what has been reported by several studies Watkins et al., 2000; DeEll et al., 2002; Shaham et al., 2003; Zanella, 2003; DeLong et al., 2004) and reaffirms that the control is a function of an inhibition of ethylene that regulates lower AF production Watkins et al., 2000; Golding et al., 2001; Shaham Arquiza et al., 2005; Tsantili et al., 2007) and its consequent oxidation of TC, in particular TC 281.
Incidence
CONCLUSIONS
1-MCP was an efficient controller of superficial scald in cv. Granny Smith apples after 6 months of storage plus 10 days at room temperature (0% of incidence).
Step-wise cooling without 1-MCP was also effective in controlling superficial scald, given that only 1.3% of the fruit presented the disorder, the firmness values were not adequate for exporting after 4 months of storage. The application of 1-MCP, independent of the type of cooling, maintained firmness values that were adequate for export throughout the storage period. The accumulation of compounds related to superficial scald (AO, AF and TC) was significantly lower in fruit with 1-MCP.
RESUMEN
Efecto del sistema de enfriamiento y 1-MCP sobre la incidencia de escaldado superficial en manzanas 'Granny Smith'. Se desarrolló un estudio para determinar el efecto de dos sistemas de enfriamiento y la aplicación de 1-metilciclopropeno (1-MCP, SmartFresh TM ) sobre la incidencia de escaldado superficial en manzanas (Malus domestica Borkh.) cv. Granny Smith, colectadas de un huerto comercial (Colbún, Región del Maule, Chile) durante la temporada [2004] [2005] . El ensayo consistió en un diseño completamente al azar con arreglo factorial 2 x 2, usando sistema de enfriamiento (normal y lento) y aplicación de 1-MCP (0 y 625 nL L -1 i.a.) como factores. Fruta con enfriamiento normal se mantuvo a 0 °C durante todo el período (180 días). El enfriamiento lento consistió en almacenar a 10 °C por 10 días, 4 °C por 20 días y 0 °C por los restantes 150 días. Mensualmente se evaluaron índices de madurez y compuestos químicos, contenido antioxidante global (AO), α-farneseno (AF) y trienos conjugados (TC). La incidencia de escaldado superficial se determinó después de 180 días de almacenaje más 10 días a 20 °C. La aplicación de 1-MCP, en ambos sistemas de enfriamiento, logró mantener valores de firmeza de alrededor de 8,2 kg hasta el fin del almacenaje y disminuir la concentración de AF, TC y AO durante la guarda. La incidencia de escaldado en fruta con 1-MCP fue 0%, independiente del tipo de enfriamiento. Entre los tratamientos sin 1-MCP, el enfriamiento lento fue más efectivo en prevenir el desorden, presentando sólo 1,3% de incidencia, respecto a 75,6% del enfriamiento normal. Sin embargo, la firmeza cayó bajo los estándares para exportación desde los cuatro meses.
Palabras clave: trienos conjugados, antioxidantes, α-farneseno, 1-metilciclopropeno, desorden fisiológico, etileno.
Table 4. Correlation coefficient (r) of chemical compounds (AO, AF, TC) and superficial scald incidence in 'Granny
Smith' apples after 6 months of refrigerated storage plus 10 days at room temperature (20 °C). 
